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Preface

The study of the effect of riblets upon flow separation within a

subsonic diffuser proved to be an interesting and chalenging research

project. As a result of this effort, I gained theoretical knowledge

about such aerodynamic topics as turbulence, flow separation, diffusers,

viscous drag reduction, and, of course, riblets. I also gained'a vast

amount of knowledge from the "hands on" experimental procedure employed

during this project. Such experimental knowledge was gained through the

design and fabrication of wind tunnel models, the operation cf a 1ow

s-peed wind tu"nnel, and the set-up and calibration of all of the flow

monitoring instrumentation.

I would like to recognize a number of individuals ,h o made

significant contributions to the completion of this research effort.

First and foremost, I would like to thank Lt. Col. Paul I. King, my

thesis advisor, whose knowledge and guidance were essential elements in

the success of the project. I would also like to thank the other membc:

of my thesis committee, Dr. W. C. Elrod and Dr. M. E. Franke, for their

technical advise and inputs.

On a personal level, I would like to thank my wife and son whose

patience and support were immeasurable during the rather difficult 18

months of study at AFIT. Lastly, I wish to dedicate this thesis to the

memory of a true educator, my grandfatherd who pssed

away during the course of my studies at AFIT. Not only ,as his whole

life dedicated to the teaching of others, but he understood tie great

importance of making education practical and fun.

Nathan W. Martens
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AFIT/GAE/AA/88D-23

Abstract

The objective of this thesis was to investigate the effect of

riblets upon flow separation in a two-dimensional straight-walled

subsonic diffuser. Riblets are small flow-aligned grooves which can be

attached to an aerodynamic body. Studies involving the application of

riblets to turbulent flow over a flat plate have consistently shown a

decrease in viscous drag as compared to the same surface without

riblets. The purpose of this investigation was to determine the effect

applying riblets to the walls of a subsonic diffuser would have upon flow

separation in the fluid handling device.

For this investigation, it was found flow separation was indeed

* delayed in a diffuser employing riblets as compared to a geometrically

identical plain diffuser. For the smaller throat widths, this delay was

significant, being as high as 250% due to riblets. As the diffuser

* throat width increased, the delay in flow separation due to riblets

decreased. Also evident in the investigation was the strong dependence

of flow separation upon throat velocity for the diffuser with riblets.
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EFFECT OF RIBLETS UPON FLOW SEPARATION IN A SUBSONIC DIFFUSER

I. Introduction

The primary purpose of this thesis was to experimentally investigate

the effect of riblets upon flow separation in a subsonic diffuser.

Riblets are small longitudinally oriented grooves that can be attached to

an aerodynamic or hydrodynamic surface. They were originally introduced

in 1979 as a passive technique for reducing viscous drag over a body

subjected to turbulent flow (1:168). This thesis employed a subsonic

diffuser as the test model because of its susceptibility to the

production of an adverse pressure gradient resulting in flow separation.

Basically, this research effort involved subjecting riblets to a

turbulent boundary layer adverse pressure gradient and determining the

impact upon the location of flow separation within a subsonic diffuser

section.

Background

Viscous fluid flow can be characterized as being laminar, turbulent,

or in a transitional state between the two. Laminar flow defines the

condition where the fluid flow is smooth and orderly. The flow is steady

with basically parallel layered streamlines. In a duct, laminar flow

usually occurs when the Reynolds number is less than 2000. The other

distinct type of viscous fluid flow is turbulent flow. The turbulent

flow regime is characterized as having irregular, unsteady, and

disorderly motion of subsections of fluid within the flowing medium. It
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usually occurs at Reynolds numbers greater than 2000. Hinze (2:2)

defines turbulence as "... an irregular condition of flow in which

various quantities show a random variation with time and space

coordinates, so that statistically distinct average values can be

discerned." The key items in this definition are that turbulence is

random in time and space, and its properties, such as velocity and

pressure, can be time averaged at distinct points in the flow. The

ability to average turbulence quantities exists because turbulent flow

consists of a distinctive pattern, repeating at regular intervals in time

and space within the domain being considered (2:4). On a basic level,

the turbulent flow pattern is composed of an infinite number of eddies or

vortices confined within a distinct, albeit irregular, three dimensional

boundary. Each eddy contains a specific amount of kinetic energy,

depending upon its size, and a corresponding rotational velocity.

There are a number of unique characteristics associated with the

distinctive structure of turbulence. The first of these characteristics

deals with diffusiveness. In turbulence, transferable flow properties

are diffused by the interaction of the eddies, whereas in laminar flow

diffusion occurs through molecular motion. The eddy viscosity associated

with turbulent flow is much larger than the molecular viscosity

corresponding to laminar flow. The larger the viscosity within the flow,

the greater its diffusion rate. Therefore, turbulent flow, having a

greater effective viscosity than laminar flow, has a correspondingly

higher diffusiveness. Experimentally, the difference in the diffusion

rate between the two flows has been shown to be a factor of 20 (3:27).

As a result of its extreme diffusiveness, a turbulent flow

experiences a greater amount of momentum transport to and from a surface

2



within the flow regime. The amount of the momentum transfer in the flow

directly correlates to the value of skin friction or viscous drag of the

boundary layer on a surface. The large transport of momentum in

turbulent flow manifests itself as a high value of viscous drag and vice

versa. Therefore, the second characteristic of turbulence is that

turbulent boundary layers can produce values of viscous drag twice those

of laminar boundary layers (4:14).

One prevalent problem of viscous fluid flow is the occurrence of -.

flow separation. When the flow separates from a surface, losses may

occur which are detrimental to component performance. For subsonic

external flow, such as flow over an airfoil, separation physically causes

a deviation in the streamlines, a reversal in the flow direction, and

stalling (5:2). The losses associated with stall appear as an increase

in drag and a decrease in lift. For internal flows, such as flow through

a diffuser, separation reduces the efficiency of the fluid handling

device (5:.).

One of the main contributors to flow separation is viscosity.

According to Prandtl's boundary layer concept (6:40), "... at high

Reynolds numbers the effects of viscosity are confined to a very thin

layer close to the body and a thin wake extending from the bodv." Due to

viscosity, the velocity of the fluid at the surface of a body is zero.

As the normal distance from the surface increases through the boundary

layer, the effects of viscosity diminish and the flow velocity

increases. One characteristic of the boundary layer is that when proper

conditions exist, the flow near the body can reverse direction and move

backwards as compared to the freestream flow direction. Due to this

reverse flow, the boundary layer usually separates resulting in the

3



separation of the main flow from the body.

In order for this reverse flow condition at the body surface to

exist, the pressure at the wall must increase in the same direction as

the freestream. The existence of this positive pressure gradient,

referred to as an adverse pressure gradient, causes the onset of reverse

flow at the surface resulting in the separation of the boundary layer and

the main flow. Therefore, it can be stated "... that separation of the

boundary layer results from an adverse pressure gradient" (6:50).

As discussed, the two necessary and sufficient conditions for flow

separation are the presence of viscosity and an adverse pressure

gradient. Even though the turbulent boundary layer has a higher

effective viscosity than the laminar boundary layer, the highly

diffusive nature of turbulence allows it to delay flow separation.

Because of its greater diffusiveness, the large momentum transfer

associated with turbulent flow actually resists separation. Therefore,

turbulent flows can delay the onset of flow separation as compared to

laminar flows. When dealing with turbulence, one must consider the trade-

off between the enhanced capability to delay separation with the

associated penalty of an increase in viscous drag.

A diffuser is a device used to decelerate fluid flow. In the design

of aircraft engines, this is an important function. For turbojet

engines, a diffuser is used as part of the air intake duct to slow the

flow entering the compressor to a Mach number of 0.4 or less (7:191).

Diffusers are also used to alter "... the flow entering the main burner

where the flow leaving the compressor must be slowed from a high subsonic

Mach number to a very low Mach number. Another instance is the flow

entering the afterburner where the flow leaving the turbine must be

4



slowed from a high subsonic Mach number to a Mach number of about 0.2"

(8:305).

Physicall., a subsonic diffuser consists of diverging walls that act

as a channel for fluid flow. As the flow is decelerpted :ithin the

channel, kinetic energy is converted to pressure energy. How well this

conversion of energy is performed basically determines the overall

efficiency of the diffuser. It is also important for the flow leaving

the diffuser to be uniform in order to reduce distortions in the velocity

profi le which can disturb the aerodynamics of downstream machine

components (7:191). The combination of energy conversion efficiency and

flow uniformity determines the overall contribution to the performance of

the machinery (such as an aircraft engine) of which the diffuser is but

one component.

One characteristic of diffuser flow is that since the flow is being

decelerated, an adverse pressure gradient exists creating the possibility

of flow separation from the walls (8:305). Flow separation has a

devastating impact upon diffuser performance. A separated flow greatly

reduces the efficiency of the energy conversion process. "The conversion

of kinetic energy to pressure energy may take place with loss of energy

because of viscous effects of fluids involving the flow separation"

(5:158). A reduction in the efficiency of the energy conversion process

directly correlates to a decrease in the overall effectiveness and

efficiency of the diffuser flow. A physical example of where the

disadvantages of separation can occur involves the flow through an

aircraft engine inlet. Separation in the diffusing section of an engine

inlet reduces the recovery of total pressure, thus reducing the thermal

efficiency of the engine.
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In many cases, diffuser flow is turbulent (5:158). Being turbulent,

the flow is better able to resist separation than if it was laminar.

However, the turbulent flow separation point within the diffuser can be

more than just a function of the viscosity in the flow. Chang (5:161)

reports that experiments conducted by Polzin (5:161) showed that

geometrically similar diffuser sections also produced different locations

of flow separation depending upon wall roughness. Surface separation

occurred earlier in the diffuser sections with rough walls as compared to

those with smooth walls (5:161-162). This indicates that when friction

is reduced, flow remains attached farther downstream. It seems that if

the flow can be made to remain turbulent but with a smaller friction

coefficient, attachment is enhanced.

Recent studies in the area of viscous drag reduction have included

the use of passive means to control turbulent boundary layers (4:14,16;

9:24-27; 10:1-8). One such method employed is to use riblets: small,

flow aligned, longitudinally grooved surfaces, usually V-shaped, with

varying optimum peak-to-valley heights depending upon the flow velocity

(9:26). Riblets can be purchased as a thin film which is adhesively

mounted on the desired surface. A number of studies involving the use of

riblets on flow over a flat plate have consistently shown a decrease in

viscous drag as high as 8% compared with the same surface without riblets

(10:1,4; 11:1,4,7). This reduction in viscous drag is primarily

attributed to the ability of riblets to control and damp turbulence,

thereby reducing turbulent shear.

Objective

The primary objective of this thesis was to study the effect of

6
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riblets on flow separation in a subsonic diffuser. The scope of the

experimental research involved determining whether the predicted

reductions in viscous drag due to the application of riblets would alter

the location of flow separation in a two-dimensional straight-walled

subsonic diffuser. It was expected that viscous drag on the walls of a

diffuser section would be reduced b applying riblets, as a result of

retarding the near wall adverse pressure gradient effect, thereby

delaying the onset. of flow separation.
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II. Theory

The primary emphasis of this thesis was directed at the study of

riblets and diffuser flow. Riblets were investigated because of their

proven ability to reduce viscous drag in turbulent flow. Diffuser flow

was studied because of its inherent nature to generate an adverse

pressure gradient which, when strong enough, can lead to flow separation.

Riblets

Since their introduction in the late 1970's, riblets have become one

of the most consistent and relatively easy ways to reduce viscous drag.SI
Even though riblets considerably increase wetted surface area, numerous

studies have shown riblets can reduce viscous drag on a surface by as

much as 8% (10:1,4; 11:1,4,7). However, rible i are only effective in

reducing skin friction drag over surfaces subjected to turbulent flow.

Therefore, the underlying theory of riblets involves an understanding of

their impact upon the turbulent boundary layer.

Anders, Walsh, and Bushnell (9:27) describe the production of drag

within a turbulent boundary layer as follows:

Most of the drag produced by a turbulent boundary layer originates
* from unsteady events occurring randomly in time and space. A widely

accepted view is that these events, termed bursts, are part of a
quasiordered series of events that begins with a low-speed region
between a pair of counter-rotating longitudinal vortices near the
wall. According to this view, some unidentified triggering
mechanism forces this low-speed fluid away from the wall to a higher

* velocity region in the boundary layer where a shear-layer
instability oscillates and eventually breaks up the low-speed
streak. By some estimates the breakup event is responsible for 70-
80% of the skin friction under a turbulent boundary layer.

A conoeptual model of the process just described is given by Hooshmand,

Wallace, and Balint (12:1). They describe the turbulence over a surface
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as "...a 'hairpin'-like vortex which is formed by the vorticity diffusing

from the wall which is lifted away from it and stretched downstream by

the main shear" (12:1). Such a stretched vortex is referred to as a

streak. This process is characterized by "...the 'bursting' of low

momentum fluid away from the wall and the 'inflow' of high momentum fluid

back towards the wall ..." (12:1). This transition of fluid to and from

the wall is a very effective means of transporting momentum and heat, and

accounts for the majority of the boundary layer surface drag.

The skin friction reduction capability of riblets seems to be

related to their ability to alter the "hairpin"-like vortices associated

with the turbulent boundary layer structure. The interaction of riblets

with the counter-rotating streamwise vortices of turbulence results in

the generation of a secondary vortex which begins at the riblet peak and

extends down into the riblet valley as shown in Figure 1 (13:1384).

Fig. 1. Secondary Vortex Generation on a Riblet Surface (13:1384)
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As these secondary vortices are generated, the primary streamwise

vortices are weakened. Experiments have shown the streamwise turbulence

intensity is reduced by approximately 15% due to the introduction of

secondary vortices into the flow structure (12:1). Also, the presence of

the secondary vortices acts to inhibit the transition of "... the

spanwise concentration of low-speed fluid into streak formations"

(13:1384). Stated another way, the secondary vortices increase spanwise

streak spacing. Experiments have shown this increase in spanwise streak

spacing to be as much as 40% over the spacing detected in flat plate

flows (14:1). By inhibiting streak formation, the number of sites where

"bursting" of low momentum fluid away from the wall occurs is decreased,

thereby reducing the exchange of momentum within the boundary layer

(13:1384). This reduction in momentum transfer tends to retard the

development of the turbulent boundary layer on the riblet surface. By

reducing both the streamwise intensity and momentum transfer of the

turbulent boundary layer, riblets are capable of reducing viscous drag on

a surface. Physically, riblets inhibit turbulent momentum transport

resulting in the generation of "... a relatively quiescent flow in the

riblet valley that pushes skin-friction-producing turbulence up and away

from the surface" (9:26).

One very important parameter controlling the ability of riblets to

reduce viscous drag is their size. The dimensions of the longitudinal

grooves in relation to the size of the turbulent boundary layer formed on

the surface has a direct impact upon the viscous drag reducing capability

of the riblets. "According to experimental data, a turbulent boundary

layer can be regarded approximately as a composite layer made up of inner

and outer regions. The existence of the two regions is due to the

10



different response to shear and pressure gradient by the fluid near the

wall" (3:91-92). The inner region of the boundary layer can be

subdivided into three layers consisting of the viscous laminar sublayer,

the transitional region, and the fully turbulent region (3:94,95). In

order for riblets to generate the secondary vortices responsible for

reducing viscous drag (see Figure 1), they must extend through the

viscous laminar sublayer into the transitional region of the turbulent

boundary layer inner region. However, if the grooves are too large, the

skin friction drag corresponding to the increased wetted area will

cotmteract the viscous drag reducing capability of the riblets and may

actually increase the overall surface drag (9:26,27).

The two nondimensional parameters affecting riblet performance are

the peak-to-valley height (h+ ) and the peak-to-peak width (s+). These

two parameters are defined as follows (11:1):

h+ = hU 7V (1)

+ = sU T/v (2)

where

h+ = nondimensional riblet peak-to-valley height

h = riblet peak-to-valley height (ft)

U1 = friction velocity (ft/sec)

V = kinematic viscosity (ft 2/sec)

+ = nondimensional riblet peak-to-peak width

s = riblet peak-to-peak width (ft)

A number of studies have shown that the maximum drag reduction for V-

groove geometry riblets applied to a flat plate occurs for h+ values

between 8 and 15 (15:3; 16:485). Furthermore, riblets continue to show

the ability to reduce drag for values of h+ up to 30 (1:168; 16:485;
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17:134). From Equation 1, the optimal riblet size can be determined by

using the following relationship:

h = h+V/U (3)

The optimal riblet size corresponds to setting h + to a value between 8

and 15 in Equation 3. Since the kinematic viscosity is basically a

constant, dependent upon the type of fluid flow (air or water) and the

temperature, the friction velocity, U., is the only parameter that needs

to be calculated in Equation 3 to determine the optimum h. The friction

velocity is defined as follows (11:1):

U1,- U (Cf/2)1/2  (4)

where

U e boundary layer edge velocity (ft/sec)

Cf: =skin-friction coefficient

The skin-friction coefficient, Cf, parameter is dependent upon the

roughness of the surface over which the flow is passing and is determined

from non-riblet measurements. For V-groove shaped riblets, the Maximum

viscous drag reduction is achieved by equating s to the calculated value

for h (17:134-135).

Diffuser

As stated in the Introduction, the purpose of a subsonic diffuser is

to provide slowed and undistorted flow to such mechanical devices as an

aircraft engine compressor or afterburner. In principle, a subsonic

diffuser converts dynamic pressure (kinetic energy) into static pressure

(pressure energy) by decelerating the flow through an expanding channel.

The overall effectiveness of a diffuser is determined by the level of
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efficiency it achieves in performing this energy conversion process. As

it pertains to an aircraft propulsion system, the higher the total

pressure recovery of the flow leaving a diffuser, the greater the thermal

efficiency of the engine. Enhancing engine thermal efficiency results in

greater thrust output while reducing fuel consumption, thereby improving

the overall performance of an aircraft. In addition to the efficient

conversion of energy, it is also important that the flow exiting a

diffuser be uniform and steady. Distortions in the exit flow can degrade

the performance of downstream aircraft engine components.

The basic principle involved in designing a diffuser for an aircraft

... is to define the duct geometry that will provide the highest

performance for given airframe constraints and diffuser entrance

conditions" (18:2). Two primary parameters in determining the flow

behavior through a diffuser are the divergence angle (20) and the ratio

of wall length to throat width (L/W). When the design of these two

parameters is optimized, the flow is well-behaved with a high total

pressure recovery. However, when geometric and weight constraints (which

are common in aircraft design) prevent design optimization, flow

separation and stall can occur in the diffuser section. Figure 2

(19:307) shows the flow regimes associated with different combinations of

20 and L/W for two-dimensional straight-walled diffusers. Flow

separation in a diffuser greatly diminishes its efficiency. "The static

pressure gradient decreases and the mixing losses increase rapidly"

(7:192). The mixing results in the reduction of the average stagnation

pressure of the stream because energy is lost as the slower and faster

portions of the flow interact (7:194). In addition to low pressure

recovery, stalled flow results in "... severe flow asymmetry, severe
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Fig. 2. Flow Separation Regimes for Straight-Walled Diffusers (I:3071

unsteadiness, or both" (20:141).

Since the flow is slowing as it passes through a subsonic diffuser.

the adverse pressure gradient can cause the flow to reverse directions at

the diffuser surface. It is this region of reversed flow that causes the

main stream to separate from the surface and stall. Bower 18:3,4)

describes the impact of the adverse pressure gradient upon diffuser flow

as follows:

At the entrance plane of the duct. the boundary layer, which is
generally turbulent, is relatively thin, and the velocity protile is

typical of the 1/7-power-law variation. As the air stream moves

against the adverse pressure gradient, which is nearly constant

across any section of the boundary layer, it is retarded by the
force of the pressure gradient and by friction at the bounding wall.
When the momentum of the boundary layer is no longer able to
overcome these forces and the fluid near the wall is brought to

rest, the boundary layer separates. At the point of separation, the
wall shear stress vanishes, and the inflection point appears in the

boundary layer velocity profile. As the flow continues to oppose

the adverse pressure gradient, the fluid near the wall begins to
flow in the opposite direction to the mainstream. Due to this
reversal, a zero-velocity surface is established within the diffuser
as well as along the wall, and the fraction of the channel cross-

sectional area in which viscous effects are important becomes

increasingly larger.

The strength of the adverse pressure gradient found in a diffuser
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depends on 20 and L/W. As shown in Figure 2, increasing 20 and L/W will

increase the adverse pressure gradient strength enough to stall the

flow. However, as stated in the Introduction, a higher freestream

turbulence intensity will increase the momentum transfer through the

boundary layer to the surface, thereby delaying flow separation.

Depending upon the strength of the adverse pressure gradient, four

different flow regimes can be found in a diffuser. With increasing

adverse pressure gradient strength, the four flow regimes encountered are

as follows: "... (a) unstalled flow, (b) transient, three-dimensional

stalls, (c) steady, two-dimensional stalls, and (d) jet flow separated

from both walls" (21:1). The first flow regime (unstalled flow) is found

at small 20 and L/W values. The flow is well-behaved with no main stream

separation. As 20 and L/W are increased, the second region of flow is

encountered. This regime is characterized by a "... region of large

transitory stall in which the separation varies in position, size, and

intensity with time. This is a regime of highly pulsating flows"

(22:322). The steady, two-dimensional stall zone is characterized by a

large fixed region of turbulent flow recirculation along one wall of the

diffuser. Flow along the other diffuser wall remains attached and

basically steady. The final separated flow regime occurs when the

divergence angle is very large. Referred to as jet flow, this zone is

characterized by the detachmpnt of the flow from both diffuser walls

reducing the main stream to only a small region in the middle of the

diffuser section. These four distinct regions of flow alter the

performance of a diffuser. "Overall pressure recovery and efficiency are

high in the unstalled regime and drop only a small amount through the

three-dimensional-stall zone, but they drop to very low values as soon as

15



two dimensional steady separation begins" (21:2). In the jet flow regime

,... practically no static pressure rise takes place in the diffuser"

(7:193).

Studies have shown that surface roughness or wall skin friction

affect the location of flow separation in subsonic two-dimensional

diffusers. Experiments conducted with geometrically similar diffusers

showed that surface separation and stall occurred fcrther upstream on

channels with rough walls as compared to those with smooth walls

(5:161). Rough surfaces increased the amount of the turbulent boundary

layer energy lost to friction causing boundary layer stall, with the

resultant separation of the main stream, to occur earlier on the diffuser

wall.

As it pertains to this thesis, it is felt the application of riblets

to the wall of a diffuser can affect the location of flow separation

within the expanding channel. It is hypothesized that the viscous drag

reduction capability of riblets will act similar to smoothing the walls

of a diffuser. By reducing the skin friction drag, the turbulent

boundary layer energy usually lost to viscosity will be reduced, thereby

delaying boundary layer stall. Also, the formation of the wall reversed

flow should be slowed due to the reduction in viscous drag, resulting in

the delay of flow separation. Since riblets decrease streamwise

turbulence intensity, they do not disturb, but should actually enhance,

the stabilization of the flow. Such stabilization satisfies the

requirement for the flow exiting a diffuser to be undistorted.

Flow Sevaration

There are a variety of ways the location of internal flow separation
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can be determined. This thesis employed a visualization and a numerical

method to locate the position of main stream separation from the diffuser

wall. The visualization method consists of applying some type of

substance to the diffuser surface such as oil drops or tufts of string.

When the oil drops streak or the string flutters, this indicates the

presence of flow on the surface. Oil drops that remain circular or

string lying motionless indicates the absence of flow on the surface. In

this way, flow separation can be determined by observing the behavior of

an applied substance on a body's surface. In this thesis, both the oil

drop and string tuft methods were employed to determine the flow

separation by visualization.

The numerical method used for predicting the location of flow

separation was Stratford's criteria. In a study conducted by Cebeci

(3:202), the Stratford method was found to be very accurate in predicting

the separation point in turbulent flows. The Stratford method consists

of using the following equation to predict separation (3:204):

Cp [x(dC p/dx)]1/2 (10-6 R x)-1/10 F(x) 5)

where

Cp = pressure coefficient, C = I - (U e/Uo )2

x = flow location measured from the minimum pressure point (ft)

dO /dx = pressure distribution

R = Reynolds number, Rx x
U = boundary layer edge velocity (ft/sec)e
U = velocity at beginning of adverse pressure gradient (ft/sec)

F(x) = Stratford's criteria separation parameter

Equation 5 "... assumes an adverse pressure gradient starting from the

leading edge, as well as fully turbulent flow everywhere" (3:204). In
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the case of a diffuser, the equation assumes that the adverse pressure

gradient formi at the beginning of the expanding channel. Equation 5 was

modified using the continuity equation for steady one-dimensional

incompressible fluid flow and the geometry of the diffuser. This

procedure is discussed in detail in Appendix C. The modification

resulted in Equation 6 shown below:

F(x) (I - H2(H + xtanO) 2](2xH2tano/(H + xtano)3 /2(R xO-6)-1/ 10  (6)

where

H : one half of the diffuser throat width (ft)
B : one half of the diffuser divergence angle (deg)

This equation was used in the thesis to predict flow separation in a

diffuser. "For a typical turbulent boundary-layer flow with an adverse

pressure gradient, it is found that F(x) increases as separation is

approached and decreases after separation" (3:205). According to

Stratford (3:205), "... if the maximum value of F(x) is (a) greater than

0.40, separation is predicted when F(x) = 0.40; (b) between 0.35 and

0.40, separation occurs at the maximum value; (c) less than 0.35,

separation does not occur." The procedure used in this thesis was to

iterate x with respect to F(x) and determine the separation location

according to Stratford's criteria stated above.
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III. Experimental Apparatus

Wind Tunnel

The experimental research for this thesis was conducted in the Air

Force Institute of Technology Nine Inch Wind Tunnel Facility located in

Building 640, Area B, of Wright-Patterson AFB. The facility consists of

a low speed, open circuit, draw-down wind tunnel and its supporting power

supply. The wind tunnel test section has a 9 by 9 in. square cross

section and is 37 in. long. The floor and ceiling of the test section

are constructed of wood and both side panels are made of plexiglass. The

side panels are hinged at the top for upward opening accessibility to the

test section. Seven circular instrumentation access ports, spaced 5 in.

apart, are located along the oenterline of the test section floor and

ceiling. The ceiling access holes have a 1.5 in. diameter and the floor

ports are 0.25 in. in diameter.

The flow velocity through the wind tunnel was measured using a 2 in.

inclined water manometer manufactured by Dwyer Instruments. The

manometer was attached to four manifold pressure ports, one located at

the midpoint of each wall of the tunnel just in front of the test

section. This pressure port arrangement allowed for an average static

pressure reading to be taken across the entire cross section of the wind

tunnel. One end of the manometer was open to room atmosphere, the

pressure of which is the tunnel total pressure, within 0.5%. Along with

the manometer reading, temperature and barometric pressure values were

required in order to calculate flow velocity. A digital thermometer was

mounted in the aft end of the test section to provide accurate

19



temperature readings to a tenth of a degree, Fahrenheit. The barometric

pressure was read, in inches of mercury, from a wall mounted barometer

located in the same room as the wind tunnel. The maximum tunnel velocity

achieved during experimentation was 63 ft/sec.

Anemometry System

A hot film anemometry system was used to determine the

characteristics of the freestream flow and surface boundary layers.

Rppcifically, a hot film anemometer was used to measure the velocity

over the bodies investigated in this thesis. The anemometry system

consisted of an IFA 100 System Intelligent Flow Analyzer, Model 1218-20

Hot Film Boundary Layer Probes, and an 18 in. single sensor anemometer

probe holder. All three items were manufactured by Thermo-Systems

Incorporated. The IFA 100 displays hot wire/film anemometer readings as

bridge voltage which can be correlated to flow velocity. The Model 1218-

20 Boundary Layer Probe has a hot film sensor measuring 0.002 in. in

diameter. The boundary layer probe is constructed with a small metal rod

extending from its base designed to protect the hot film from contacting

the surface. The distance between the end of the protecting rod and the

hot film is 0.005 in. An 18 in. single sensor probe holder was used to

connect the hot film anemometer to the IFA 100. The probe holder was

attached to a manual traversing mechanism that could be inserted into any

one of the five instrumentation holes located in the ceiling of the

tunnel test section. The traversing mechanism employs a vernier scale to

measure distance in the y-direction.

Once the anemometry system was connected, a sq7are wave test signal,

located internally to the IFA 100, was applied to the bridge of the hot
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film sensor in order to visually optimize the anemometer's frequency

response (23:2-3). A Model 1570A Dual Time Base Oscilloscope,

manufactured by B-K Precision, was connected to the IFA 100 to provide

the required visualization of the test signal.

Tunnel Models

Two wind tunnel models were used in the performance of the thesis

experimental research. The first model was a flat plate and the second

one was an adjustable diffuser section.

The flat plate model was constructed of aluminum and measured 18 in.

in length, 8.9 in. in width, and had a thickness of 0.0625 in. The

leading edge was cut at a 15 deg angle. This cut provided the flat plate

with a sharp leading edge (later determined to be a problem). The model

was mounted on a single aluminum support stand mounted below the plate,

8.5 in. from the leading edge.

After initial measurements were made, a number of modifications were

needed to correct flow problems. The first of these modifications was

the addition of an inclined flap to the aft end of the plate. This flap

was constructed of aluminum and measured 6 in. in length, 8 in. in width,

and had a thickness of 0.0625 in. It was mounted 15.25 in. from the

plate leading edge and was deflected a fixed value of 30 deg from the

plate surface. The flap was attached to the flat plate using aluminum

tape. The flap created an upper surface blockage similar to the effect

of the support strut. The resulting symmetrical blockage realigned the

upstream flow and eliminated leading edge separation.

A second modification was made to the flat plate as a result of the

need to generate a turbulent boundary layer over its surface. This was

21



done by tripping the flow using Number 70 grit sand. A 0.75 in. strip of

double stick tape was applied 0.0625 in. from the leading edge of the

flat plate. The sand was sprinkled onto the piece of tape and was then

covered with aerosol spray adhesive to ensure it would remain in place

during the test runs.

The adjustable diffuser section model was mounted directly on the

floor of the wind tunnel test section and actually represented one-half

of a diffuser. Therefore, the relevant diffuser throat width parameter

used throughout the thesis was H where W = 2H . The model was

constructed of wood. It was 36 in. long, 8.9 in. wide, and had a varying

thickness. From the leading edge to an axial distance of 7 in., the

diffuser section thickness had an elliptical shape varying from 0 to 3.75

in. At an axial distance of 7 to 15 in., the model had a constant 3.75

in. thickness. At the 15 in. point from the leading edge, a diverging

ramp began. This diverging ramp had a thickness of 3.75 in. at an axial

distance of 21 in., declining to a thickness of 0.05 in. at the trailing

edge of the diffuser section providing a constant 0 of 10 deg. A side

view of the diffuser model is shown in Figure 3.

S 0

7" 15" 36"

Fig. 3. Side View of the Diffuser Model
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A number of flat wood blocks were constructed as supports beneath

the diffuser section to raise its height within the tunnel test section

(corresponding to a change in H). Each of these blocks was 36 in. long

and 8.9 in. wide. The thicknesses of the blocks were 0.125, 0.25, 0.50,

1.0, and 1.5 in. in order to provide a variety of H values. The support

blocks and diffuser section were connected together using heavy duty

double stick tape.

Initial experimental results indicated that the diffuser model also

required modification to eliminate sidewall boundary layer effects. To

remedy the inability to generate separated flow, a pair of cardboard

vanes were placed within the diffuser, 1.0 in. from each side wall. The

vanes extended from the wind tunnel ceiling to the diffuser surface, and

along the entire length of the model's diverging channel. The vanes were

held in place with strapping tape. A strip of Number 70 grit sand was

used to trip the flow in the sae nanner as was employed for the flat

plate model.

During the experiments, flow visualization involving the diffuser

section was conducted. The visualization 9tudies were performed by

applying oil drops, Dow Corning 200 Fluid, to the plain diffuser surface

and observing the resulting pattern created by the flow. Flow

visualization of the diffuser surface with and without riblets was

conducted with thin tufts of string approximately I in. in length. The

tufts were attached individually to the riblets using small pieces of

strapping tape.

Riblets

Two different types of riblet material were proposed for use in the
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wind tunnel experimental research. The first type of riblet material

used ws Model NPE 266 Scotchcal T M Brand Drag Reduction Tape. The tape

is 0.007 in. thick with symmetrical V-shaped grooves having a peak-to-

valley height of 0.006 in. The material has an adhesive backing allowing

it to be directly applied to the desired surface. The riblet material is

manufactured and distributed by the Automotive Systems Division of the 3M

Company. However, this material proved not to be suitable for the given

flow constraints. This fact is discussed in more detail in the

Experimental Procedure section.

The second type of riblet material used in this thesis was machined

from a 21 in. long, 8.9 in. wide, and 0.04 in. thick piece of aluminum.

Symmetrical V-shaped grooves having a peak-to-valley height and a peak-to-

peak width of 0.035 in. were cut into the aluminum sheet. The machined

riblets were attached to the diverging ramp of the diffuser section wind

tunnel model using heavy duty double stick tape.

Computer Software

Three computer software programs were used during the course of this

thesis to process data and prepare the final report. "MathCAD," written

by athSoft, is a mathematics computation program. It was used to

automate a number of the mathematical formulas which required solving

during the thesis investigation. Data files and data plots were

generated using a software package called "Grapher." This softuare

package was written by Golden Software. "Grapher" was also used to

create the figures of plotted experimental data included in this report.

The thesis transcript was prepared using "Leading Edge Word Processing"

written by Leading Edge Software Products. "Leading Edge Word
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Processing" was used on a Leading Edge Model D personal computer and the

final transcript was printed on an Epson LQ-800 letter quality printer.
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IV. Experimental Procedure

The experiments performed in this thesis were basically divided into

three groups. The first set was performed in order to calibrate the

experimental apparatus. The discussion of this calibration process is

contained in Appendix A. The second group of experiments was performed

to validate the accuracy of the methods employed in calculating the flow

properties required for analysis and comparison. As a result of the

second set of experiments, credible methods for identifying turbulent and

laminar boundary layers and calculating their respective drag

coefficient, CD, on a surface were established. A complete discussion of

the methodology validation procedure and experiments is contained in

Appendix B. The last group of experiments involved the study of the

effect of riblets on flow separation in the diffuser section described in

the Experimental Apparatus section.

Before applying the riblets, it was necessary to determine the

location of flow separation on the plain diffuser section. First, the

hot film anemometer was used to ensure the presence of turbulent flow.

Dow Corning 200 oil drops were applied to the diffuser surface to

determine the location of separation. Since oil drops will streak in the

direction of any flow present on a surface, they will remain roind when

they are not being affected by the flow indicating a region of

separation. The height of the diffuser was adjusted within the wind

tunnel test section by placing different combinations of the blocks

underneath the section. Data collection consisted of recording the x-

location of flow separation from the leading edge of the expansion region
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of the diffuser for a given flow velocity. All separation locations

found using the flow visualization method were verified using Stratford's

criteria (Equation 6). The velocity input (as part of the Reynolds

number term) required to solve Equation 6 was found by using the hot film

anemometer. A boundary layer survey was measured at the diffuser throat

to ensure the flow entering the expanding channel had a uniform

freestream velocity.

The unsuitability of the 0.006 in. riblets was verified

experimentally. The verifying experiment was conducted by applying the

3M riblet film to the flat plate used during the methodology validation

procedure discussed in Appendix B. The hot film anemometer was used to

measure the boundary layer over the flat plate model with riblets and the

corresponding CD was calculated using Equation 21 found in Appendix B.

This CD was the same as the plain flat plate value, thereby verifying

that the smaller riblets had no effect on the viscous drag resulting from

the flow over the flat plate.

Experimental and theoretical analysis showed that the 0.035 in.

machined riblets should be attached to the diffuser section for this

investigation. Flow visualization employing thin tufts of string,

measuring approximately one inch irn length, attached to the grooves was

used to determine the diffuser with riblets flow separation locations.

Plain Diffuser Initial Tests

Flow separation in the diffuser section without riblets was

investigated first. Before any tests were conducted, it was necessary to

ensure the boundary layer on the diffuser surface was turbulent in order

to provide a valid comparison between the plain diffuser and the diffuser
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with riblets. The hot film anemometer was used to measure the boundary

layer velocity profile at the diffuser throat. Comparing the measured

boundary layer profile to the verified profile in Appendix B (Figure 22)

indicated the flow was turbulent.

Once it was determined the flow was turbulent, initial experiments

were conducted to see if separation occurred as shown in Figure 2. This

figure shows flow separation in two-dimensional straight-walled diffusers

as a function of the diffuser geometry. For the model used in this

thesis, 20 and L were held constant. The diffuser geometry was altered

within the wind tunnel by adjusting H. The model was designed to have a

L/2H ratio range between 2 and 7 at a 20 of 20 deg. According to Figure

2, this would allow the flow through the diffuser to transition from the

no separation to separation regime by adjusting H. However, initial

visualization tests using oil drops showed completely attached flow on

the diffuser surface for any combination of H and wind tunnel velocity.

In an attempt to generate separation, 20 was increased, but this also

proved unsuccessful.

It was discovered that the inability to produce separation was due

to boundary layers forming on each side of the wind tunnel far upstream

from the test section. These boundary layers generated vortices in the

flow over the model which were strong enough to keep the flow attached to

the diffuser surface.

To alleviate the formation of the vortices, a pair of vanes .ere

placed in the diffuser. The vanes acted as "fences," shielding the model

from highly vortical wall boundary layers as well as reinitializing the

boin-dary layer on the vane surfaces. The boundary layer forming on the

vanes was much smaller than the tunnel wall boundary layers, producing
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weaker vortices (if any at all) in the flow over the model and allowing

it to separate as predicted.

After installing the vanes, another check of the boundary layer at

the diffuser throat showed the flow was laminar. In order to generate a

turbulent boundary layer, a flow trip consisting of a strip of Number 70

grit sand was placed on the model 7.5 in. upstream of the diffuser

throat. This had the intended effect: the formation of a turbulent

boundary layer at the diffuser throat.

Having installed the vanes and verified the flow was turbulent,

separation tests were again conducted. The results of these runs showed

two-dimensional flow across the width of the diffuser and the existence

of steady, two-dimensional stall.

Data Collection Reference Parameters

Recall from the Experimental Apparatus section that two types of

riblets were available for use in this thesis. The decision on the size

of the riblets, h, to be applied to the diffuser model was based on the

available speed range of the tunnel. Theoretically, the slower the flow

speed, the larger the size of the boundary layer forming on a surface.

Combining the low speed range of the wind tunnel with the necessity to

operate it at slower velocities so as not to dislodge the installed

-vanes, the boundary layer forming on the diffuser surface %as found to be

relatively large. Recalling that riblets must extend through the laminar

sublayer into the transitional region of the turbulent boundary layer in

order to be effective in reducing viscous drag, the use of smaller

riblets was rejected.

Relevant flow velocities were needed prior to performing tests. In
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order to determine these velocities, it was necessary to ensure that a

nondimensional riblet height, h+ , between 8 and 30 could be obtained.

For this analysis, a relationship between h and the diffuser throat

velocity, Uth, was needed. It was assumed that the required velocity-h

relationship could be inferred from a skin-friction coefficient value

obtained from the diffuser wall expansion region. Substituting Equation

4 into Equation 1 and solving for Uth resulted in the following

relationship:

Uth = h+/[h(C f/2)1/2] (7)

where

Uth = diffuser throat velocity, Uth = Ue (ft/sec)

This relationship will yield the required Uth; given a riblet height, h,

a prescribed value of h+ , and the calculated value for Cf obtained from

rearranging Equation 4 as follows:

Cf = 2(Ur/Ue)2  (8)

In order to determine Ue and Ur, a boundary layer survey was taken on the

plain diffuser wall, 10.5 in. from the diffuser throat ( x = 10.5 in.).

This location was selected because it was the midpoint of the diffuser

expanding channel section.

The friction velocity was calculated by applying Cole's wake

function. This expression "... can be used to predict the mean-velocity

distributions in both the inner and outer regions" of the turbulent

boundary layer (3:123). Cole's velocity-profile expression is written as

follows:
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u + 41(y ) + [f!x)/AI wly/6) (9)

where
+

u dimensionless velocity parameter, u + U/Ur.

U = flow velocity in the boundary layer at y (ft/sec)
101 (y+) = turbulent boundary laver law-of-the-wall function

17(x) = Cole's profile parameter
= on Karman's mixing-length constant

w(y/8) = Cole's wake function

If Equation 9 is evaluated at y = 8 , 17x can be eliminated resulting

in Equation 10:

U/UI / ny',r/p' + c + I Ue / - (I/K) InYU /V - c

sin 27V/ (2 6)I (10)

where

v = local vertical height (ft)
c = Cole's integration constant with a value between 4.9 and 5.5
6= boundary layer thickness (ft)

There are two unknowns in Equation 10; Ur and E. Solving for Ur can be

* done by using Just two boundary laver values or, more accurately, by

minimizing the root-mean-square of all the data errors. All terms in

Equation 10 are moved to the right hand side and set equal to an error

parameter, f. A value of 6 is then guessed, and a range of U o is used

with diffuser wall boundary layer data, y and U, to produce a

corresponding range of f values. Taking the square root of the sum of

*the squares of E produces a value proportional to the root-mean-square-

error (f MS) for the chosen 6. This procedure is performed for a number

of different 's, a graph made of U versus rms, and the minimum value

*of each ( -U curve connected. The minimum value on this new curve
rms T

represents the Ut corresponding to the smallest ( rms. For the diffuser,
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U Tas calculated to be 2.11 ft/sec. Substituting this value, along with

an assumed Ue of 48.81 ft/sec, into Equation 8 resulted in a diffuser

wall Cf of 0.003738. This Cf value was assumed to vary little when used

as one input into Equation 7.

The value of e used in Equation 7 was based upon the results

obtained from previous studies with riblets. As stated in the Theory

section, riblets exhibit the ability to reduce viscous drag for h+ values

up to 30, with the maximum drag reduction occurring for values between 8

and 15 (1:168; 15:3; 16:485; 17:134). For the thesis, three h+ values

were selected within this riblet effectiveness range. One additional

value greater than 30 was chosen in order to observe if the effectiveness

range was altered for riblets attached to a diffuser instead of a flat

plate. Having previously selected h to be 0.035 in., Equation 7, with

the calculated values for Cf and h+, provided the Uth values at shich

flow separation data was to be collected. The tunnel idle speed of 19.0

ft/sec caused a lower limit on h. Table I shows the four chosen h+

values and the corresponding Uth values used for data collection in the

thesis.

Table 1. Uth and h+ Values Used for Data Collection

U (ft/sec) h+

th

19.0 14.5

29.0 21.9

39.0 29.5

51.0 38.1

With the Uth vlues determined, the next data collection parameter
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requiring calculation dealt with the diffuser geometry. For the model

used in the thesis, the only variable was the throat width, H. To

determine the range of H's to be used as data collection reference

points, a number of flow separation test runs were made varying H with

respect to the Uth values shown in Table 1. The results of these runs

showed for H less than 1.75 in., inconsistent flow separation locations

were obtained. This was probably due to boundary layer interference from

the wind tunnel ceiling. For H greater than 4.25 in., completely

attached flow on the diffuser surface was observed. Therefore, five H

values between 1.75 and 4.25 in. were selected as the reference points

for flow separation data collection. These five H values were 1.75,

2.25, 2.75, 3.25, and 4.25 in.
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V. Results and Discussion

The experiments were designed to show the effect of riblets on the

location of flow separation in a subsonic diffuser. By comparing the

data obtained for two cases (plain diffuser and diffuser with riblets),

conclusions were made as to the overall effect of riblets upon subsonic

diffuser flow separation. Flow separation in the diffuser section

without riblets was investigated first.

Plain Diffuser Data

Having completed the initial verification tests and determined the

data collection reference parameters, the flow separation locations in

the plain diffuser were observed and recorded. Data collection involved

setting the diffuser to a given H and recording the flow separation

location for each Uth. As in previous runs, oil drops were used to

visually define the flow separation location. Stratford's method

(Equation 6) was used as a numerical comparison to check the visually

obtained data. Table 2 shows the diffuser flow separation locations as a

function of H and Uth determined using both the visualization method and

Stratford's method, as well as the percentage difference between the

two. Also, a few locations were checked using cotton tufts and Head's

method (3:166-167) for further separation location verification. The

value of xse p = 21.00 appearing in the table refers to the situation

where no flow separation was measured, i.e., where the flow was

completely attached.

The information in Table 2 shows certain trends. In all cases,

Stratford's method predicts a slightly earlier flow separation in the
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Table 2. Plain Diffuser Flow Separation Locations (xsep

Uth H Xsep (in.)

(ft/sec) (in.) Visualization Stratford's Percent Head's

Method Method Difference Method

19.0 1.75 5.00 4.80 4.00

29.0 * 5.63 5.28 6.22

39.0 6.13 5.76 6.04

51.0 6.44 6.12 4.97

19.0 2.25 * 6.63 6.36 4.07

29.0 7.06 6.96 1.42

39.0 8.00 7.80 2.50

51.0 9.06 8.64 4.64

19.0 2.75 8.50 8.28 2.59 8.76

29.0 9.44 9.24 2.12 9.68

39.0 10.50 10.32 1.71 10.71

51.0 * 11.44 11.16 2.45 11.64

19.0 3.25 * 10.25 10.20 0.48

29.0 11.63 11.52 0.95

39.0 * 12.63 12.60 0.24

51.0 15.44 15.36 0.52

19.0 4.25 14.44 14.28 1.11

29.0 * 16.81 16.44 2.20

39.0 19.75 19.44 1.57

51.0 * 21.00 21.00 0.00

Cotton tufts were also used to verify these locations.

diffuser than the visualization method indicates. This is a result which

also shows up in the data presented by Cebeci and Smith (3:378-384). The

percentage difference between the two methods ranges from 0.24% to 6.22%,

with an average difference of approximately 2.60%. The larger percentage

differences occur for H = 1.75 in. and the smallest at H x 3.25 in.
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for all Uth values. The percentage difference between the visualization

and Stratford's methods are well within acceptable limits verifying the

separation locations appearing in Table 2.

Diffuser With Riblets Data

The next step in the thesis data collection process was to

investigate the flow separation in the diffuser section with riblets

applied to its surface. The machined riblets were attached to the

surface using heavy duty double stick tape. A small amount of epoxy was

applied under the leading edge of the riblets to ensure it was securely

attached to the diffuser surface in an attempt to reduce the generation

of undesirable flow disturbances. With the riblets in place, diffuser

separation location data was collected with respect to the Uth and H

values previously determined. It was discovered oil drops could not be

used to visualize the flow pattern in this case since the grooves or

valleys of the riblet surface caused the oil drops to run and streak even

before the tunnel flow was turned on. Instead, thin tufts of string were

used to visualize the flow pattern over the riblet surface. Six tufts

were placed in a row across the width of the diffuser. Small pieces of

strapping tape, measuring approximately 0.15 in. square, were used to

fasten the base of each tuft to the riblets. The row of tufts was moved

up from the diffuser exit until the flow separation location was

determined. Only one row of tufts was used in order to minimize the

disturbance of the flow over the riblets.

The flow separaticn locations obtained for the diffuser with riblets

are shown in Table 3. Also shown in Table 3 are the results for the

* plain diffuser to provide a comparison between the two cases. As was the
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Table 3. Comparison of the Flow Separation Locations (x )
for the Diffuser With and Without Riblets s

Uth H xse p (in.)

(ft/sec) (in.) No Riblets Riblets

19.0 1.75 5.00 16.44

29.0 5.63 19.71

39.0 6.13 20.75

51.0 6.44 21.00

19.0 2.25 6.63 15.44 -

29.0 7.06 18.40

39.0 8.00 19.98

51.0 9.06 21.00

19.0 2.75 8.50 13.04

29.0 9.44 19.31

39.0 10.50 19.92

51.0 11.44 20.69

19.0 3.25 10.25 16.10

29.0 11.63 19.60

39.0 12.63 20.13

51.0 15.44 21.00

19.0 4.25 14.44 15.25

29.0 16.81 17.77

39.0 19.75 20.65

51.0 21.00 21.00

case in Table 2, xsep = 21.00 in. means the flow was completely

attached to the diffuser surface.

The values in Table 3 for the diffuser with riblets case were

obtained by averaging the separation locations obtained from three

independent test runs for each data collection point. Three runs were

made for each data point in order to improve the accuracy of the

results. The largest variation between the three separation values
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obtained for any particular data collection point was 0.25 in. Since no

numerical method exists for predicting flow separation over a riblet

surface, no verification of the data could be made as was done for the

plain diffuser.

Data Analysis

Dimensional Data Analysis. The first step in the analysis process

was to investigate the specific data values obtained from the

experimental research. The most important issue this analysis needed to

resolve was whether or not the use of riblets could delay flow separation

in a subsonic diffuser. Figures 4 through 8 show a comparison of the

flow separation locations for the diffuser with and without riblets as a

function of Uth, for each individual H. For every H, the separation

location occurred farther downstream for the diffuser with riblets than

it did for the plain diffuser. This result indicates the use of riblets

does indeed delay flow separation in a subsonic diffuser as compared to

the same configuration not employing riblets. Also, the delay in

separation was found to be significant for the smaller H values. The

largest difference in separation location between the diffuser with and

without riblets (Ax sep ) occurred for H = 1.75 in. At this H, the

average increase (averaged with respect to the four Uth values) in

separation location was approximately 236%. The percentage difference

decreased as H increased, with the minimum average value (5.3%) occurring

for H = 4.25 in.

Figure 9 shows Axse p as a function of Uth for all five experimental

H values. For all of the data points except one, as H increased, for a

given Uth, AXse p decreased. As stated previously, this relationship
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indicates riblets have their greatest influence in delaying flow

separation at smaller values of H. For H equal to 1.75 and 2.25 in.,

Figure 9 also shows Axse p increases between Uth of 19.0 and 39.0 ft/sec

where it then begins to decrease for all following velocities. For H

equal to 2.75, 3.25, and 4.25 in., Axse p increases between Uth of 19.0

and 29.0 ft/sec before it begins to decrease. A review of Table 6 also

shows the largest percentage increase in flow separation location occurs

at Uth = 29.0 ft/sec for every H. From this observation it can be

stated riblets have their greatest influence in delaying flow separation

at smaller Uth values (between 19.0 and 29.0) for any H.

Recalling Table 1, Uth corresponds to a specific value of h+ at the

diffuser throat (h+th). Using Table 1, h th was substituted for Uth and

then compared to Ax sep . Such a process revealed Axsep increased as h+

increased from 14.5 to 21.9. For h+th greater than approximately 22,

'xsep decreased. This trend agrees reasonably well with the results of

experiments conducted using riblets applied to a flat plate, previously

discussed in the Theory section. These experiments showed the viscous

drag reducing capability of riblets was maximized for h+ between 8 and 15

and still effective up to a value of 30. In the case of the diffuser

used in this work, it appears the viscous drag reducing capabiLity of

riblets is maximized for h+th : 22 (corresponding to maximum Ax sep) and

then decreases as h+th increases beyond this value.

Further review of Figures 4 through 8 revealed a number of other

characteristics. For both the riblet and no riblet cases, the actual

separation location increased, or occurred farther downstream, in the

diffuser as Uth increased. For the plain diffuser, this increase

appeared to be basically linear with velocity. For the riblets, there
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seemed to be a greater sensitivity to speed at the lower velocities and

less at the higher ones. Also, the difference in the separation

locations between the riblet and no riblet cases decreased as H

increased. This was due mainly to the plain diffuser flow which tended

to stay attached for longer distances with increasing H.

Figure 10 was generated by combining Figures 4 through 8 into one

graph. This graph portrays the flow separation locations for the

diffuser with and without riblets as a function of Uth, for all five H

values. The inverse relationship between H and Axsep is very apparent in

Figure 10. Also evident in the figure is the steady increase in actual

separation location as H increases for the plain diffuser. However, the

separation locations for the diffuser with riblets case basically remain

grouped together with the H values actually intermixing. It appears no

clear relationship exists for predicting measured separation locations

for a subsonic diffuser with riblets. However, a wider range of H values

should be investigated to more clearly understand the existence, or

nonexistence, of any such relationships.

Another view of the data is presented in Figures 11 through 14. In

these figures, a comparison of the riblet and no riblet flow separation

locations as a function of H, for each individual Uth, is shown. These

figures show that flow separation location varies almost linearly with H

for the plain diffuser. For the diffuser with riblets, separation

location seems to be insensitive to H. This observation agrees with the

earlier statement concerning the lack of a trend relating H to the

separation location in a diffuser with riblets.

Figure 15 was created by combining Figures 11 through 14 and shows

flow separation location versus H for all four Uth values. Figure 15
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clearly shows the increase in flow separation location as Uth increases,

for a given H, in both the riblets and no riblets cases.

Nondimensiona. Data Analysis. Nondimensional data analysis was

performed in order to determine if any trends existed in the data which

could uncouple the results from the specific test setup. By

nondimensionalizing the test data, the experimental results could be

reviewed and even duplicated independent of the particular procedure and

apparatus employed during the thesis. The two dimensionless parameters . -

used in this part of the analysis were the difference in flow separation

location between the riblet and no riblet cases divided by the diffuser

wall length (x Sep/L) and the Reynolds number.sep!

Reynolds number is defined in the following equation:

Re = JD /V (11)

where

Re = Reynolds number
U = flow velocity (ft/sec)

DH = hydraulic diameter (ft)

The velocity parameter, U, represented either Uth or the velocity at the

diffuser flow separation location (U ). The continuity equation wassep

used to establish the following relationship for calculating USep with

respect to the geometry of a diffuser:

Usep = (HUth )/(H + xsinO) (12)

where

U = velocity at diffuser flow separation location (ft/sec)sep
H = one half of the diffuser throat width (ft)

x = flow location measured from the minimum pressure point (ft)

= one half of the diffuser divergence angle (deg)
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The hydraulic diameter, DH, is a parameter commonly used to

eliminate the dependence of geometry in engineering problem. It is also

used to normalize the viscous effects of a boundary layer forming on the

inside of a duct of arbitrary shape to that of one growing on the

interior of a circular duct. The parameter is calculated according to

the following equation:

DH  4A/p (13)

where

DH = hydraulic diameter (ft)

A = duct area (ft )

p = duct perimeter (ft)

As it applies to the geometry of a diffuser, DH is defined according to

Equation 14 shown below:

DH 2w/[l + w/(H + xsinO)J (14)

where

w = diffuser model width (ft)
H = one half of the diffuser throat width (ft)
x = flow location measured from the minimum pressure point (ft)
0 = one half of the diffuser divergence angle (deg)

Recall a pair of vanes were installed in the diffuser used during the

thesis. These vanes reduced the effective duct area, or hydraulic

diameter, of the wind tunnel. Since each vane was mounted 1.0 in. from

the edge of the diffuser model, w was equal to 6.9 in. in Equation 14.

Figure 16 was the first dimensionless graph to be created with the

diffuser throat Reynolds number (Reth) being plotted against Ax Sep/L for

all five H values. The Reth was calculated using Uth and the diffuser

throat DH . For all of the data points in the figure except one, Axsep/L

54



0.80

Hf=1 .75

-0.60

z
0

<0.40
0-
LUJ
(I)

x
4 =32

0.20

H=4.25

0.00 1 11 1 111 I IIi t III 1 I I I ii I 1i MiI I III

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
REYNOLDS NUMBER (10**4)

Fig. 16. Throat Velocity/Throat Hydraulic Diameter Reynolds
Number Versus Dimensionless Difference in Flow

Separation Location for All Throat Widths (H)



decreased as H increased. Also evident in the figure was the fact that

for each H, AX Sep/L increased until Reth was approximately equal to

63500. For Reth values greater than 63500, Ax sep/L began to decrease.

This trend indicated riblet effectiveness is dependent upon Reth with an

accompanying conclusion that there is a unique riblet size (h) associated

with Reth for maximizing the delay in diffuser flow separation. For the

riblets used in this thesis ( h = 0.035 in. ), the most significant delay

in flow separation, basically regardless of H, occurred for Re th

approximately equal to 63500. Also, Figure 16 is very similar to Figure

9 in appearance.

Figure 17 shows a plot of the flow separation Reynolds number

(Re sep), calculated using Usep and the separation location DH, versus

x Sep/L for the five values of H. This figure also shows the well

documented trend of a decrease in Ax sep/L as H increases. As in Figure

16, the maximum Ax ep/L occurred at basically the same Reynolds number

for all five H values indicating the existence of a relationship between

riblet effectiveness and Re sep . The maximum Ax sep/L occurred for Resep

approximately equal to 47500.
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VI. Conclusions and Recommendations

Conclusions

As a result of this thesis investigation into the effect of riblets

upon flow separation in a two-dimensional straight-walled subsonic

diffuser, the following conclusions are made:

1. Most importantly, as it pertains to the specific objective of

this thesis, flow separation is delayed in a diffuser employing riblets

as compared to a geometrically identical plain diffuser. This result

indicates the viscous drag reducing capability of riblets does affect the

location of flow separation agreeing with Polzin's experiments which

showed that a reduction in diffuser surface roughness delayed the onset

of flow separation in a subsonic two-dimensional diffuser (5:161). By

using riblets, this effect was shown to be significant with increases in

the flow separation location as high as 250% under certain experimental

conditions ( H = 1.75 in. ). This large difference becomes even more

significant when one recalls riblets only reduce viscous drag by a

maximum amount of 8% (according to previously quoted theory). It is

quite interesting to see such a small viscous drag reduction be

transformed into such a large flow separation delay in a two-dimensional -

straight-walled subsonic diffuser. Further study is of course required;

however, the initial results shown in this thesis indicate riblets can be

used to delay the occurrence of steady, two-dimensional stall, and the

accompanying large decrease in pressure recovery and efficiency

associated with this flow condition, in a subsonic diffuser.

2. One evident trend in the data is the increase in Ax as H
sep
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decreases. However, it appears, for a given Uth, the measured separation

locations for the diffuser employing riblets are basically constant

regardless of H. This implies the flow separation is essentially

independent of H for the diffuser with riblets in dramatic contist to

plain diffuser theory.

3. An obvious dependence of flow separation upon Uth exists for the

diffuser employing riblets. As Uth increases, so does the measured

separation location. A different trend is observed when comparing Uth to

Ax sep . Initially, as Uth increases, Axsep increases. However, beyond a

velocity of 29.0 ft/sec, Axsep decreases with increasing Uth. Therefore,

for the riblets used in this thesis ( h = 0.035 in. ) the greatest Axsep

occurs when Uth is approximately equal to 29.0 ft/see. Substituting h+th

for Uth, the maximum Axsep occurs when h+th = 22 . This result for a

subsonic diffuser differs slightly from the established theory for flow

over a flat plate which states the maximum riblet effectiveness (or the

largest decrease in viscous drag) occurs for h+ between 8 and 15.

4. Analysis of the experimental data also reveals a relationship

exists between Reynolds number and Ax Sep/L. For the riblets used in this

thesis, the maximum Ax sep/L occurs for Reth approximately equal to 63500

and and a Resep of 47500, independent of the value of H. This indicates

there is a unique Reynolds number associated with the maximum

effectiveness for a particular riblet geometry.

Recommendations

This thesis revealed a benefit in using riblets for the purpose of

delaying flow separation in two-dimensional straight-walled subsonic

diffusers. Therefore, further investigation in this area seems
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warranted. In regards to future experimental research involving the

application of riblets in a subsonic diffuser, the following suggestions

are made:

1. The effect of riblets on flow separation needs to be

investigated in a complete diffuser as a follow-on to the half diffuser

section employed in this thesis. This would allow the complete formation

of steady, two-dimensional stall in the diffuser. Such stall is

characterized by the generation of fully developed stall on one diffuser

wall while the flow over the other surface is relatively smooth and

continuous. Also, the influence of riblets upon flow separation with

respect to the other two diffuser geometry parameters, L and 20, should

be explored. The effect of riblets upon flow separation location was

researched only as a function of W in this thesis.

2. It is recommended a water table be used to investigate the flow

through the diffuser. By using a water table, the diffuser model could

be placed so as to eliminate wall interference effects like those

experienced in this work. Also, the flow through the diffuser would be

easier to visualize using water instead of air, and dye could be injected

into the fluid stream to enhance the visualization even more.

3. The effect of riblets on diffuser flow separation needs to be

researched at higher subsonic speeds than those investigated in this

thesis in order to simulate aircraft flight conditions. By operating at

higher velocities, the smaller, commercially available 3M riblets could

be used as well. These riblets are much easier to attach to a surface

and their use would eliminate the cutting errors or inconsistencies

associated with machined riblets.

4. Future data collection should include a measurement of Cf on the
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riblet surface in order to quantify the -,iscous drag reduction

experienced on the diffuser wall. Hopefully, this would lead to the

development of a relationship between viscous drag reduction and the

increase in flow separation location. Due to the inability to measure Cf

on the riblet surface in this thesis, no relationship was formulated

between h and flow separation location (although a trend between Axsep

and throat h+ was discussed and quantified). Such a relationship needs

to be found in the same way h+ was related to maximum viscous drag

reduction, or riblet effectiveness, for flow over a flat plate in

previous research efforts.
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Appendix A: Eauipment Calibration Procedure

The first group of experiments conducted during this investigation

involved the calibration of the experimental apparatus, specifically the

hot film anemometer equipment. Basically, the calibration process

involves relating bridge voltage to flow velocity. The bridge voltage is

provided by the hot film anemometer and correlates to a specific value of

flow velocity over a surface or body in the wind tunnel.

Anemometer Assembly

Before the hot film anemometry system could be calibrated, it needed

to be assembled. Detailed instructions for the assembly of the hot film

anemometer equipment are provided in the IFA 100 System Instruction

Manual (23:1-1 to 3-5). Basically, the system was constructed by

connecting the IFA 100 to the hot film probe holder. The probe holder

was clamped to the manual traversing mechanism described in the

Experimental Apparatus section. The hot film boundary layer probe was

then inserted into the probe holder, which extended down into the tunnel

test section, completing the anemometry system circuit.

Once the hot film anemometer equipment was connected, the [FA 100

System operating parameters needed to be set. There are three sets of

parameters which must be calculated and input into the IFA 100 before

anemometer readings can be made. These three sets of operating

parameters correspond to the IFA 100 System transducer, frequency

response, and signal conditioner. The formulation and input of all of

the operating parameters is covered in detail in the IFA 100 System

Instruction Manual (23:3-5 to 3-16), with a brief discussion to follow.
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The transducer parameters consist of cable resistance (23:3-5 to 3-9) and

hot film probe operating resistance (23:3-10,3-11). Once the cable

resistance is calculated and input into the IFA 100, it will be

automatically subtracted from all subsequent hot film probe readings.

The operating resistance value is unique for each probe and can be found

on the sensor's shipping container label (23:4-5). The frequency

response operating parameters must be visually adjusted. This is done by

connecting an oscilloscope to the IFA 100 and applying a square wave test

signal (located internally to the IFA 100) to the bridge of the hot film

anemometer circuit. The frequency response operating parameters consist

of bridge and cable compensation (23:3-11 to 3-13). As viewed on the

oscilloscope, these parameters are adjusted to produce the proper square

wave test signal shape (23:Appendix 1), resulting in the optimization of

the IFA 100 System frequency response. The last set of inputs requiring

formulation are the signal conditioner operating parameters consisting of

offset, gain, and filter (23:3-14 to 3-17,4-18 to 4-20). These

parameters adjust the IFA 100 output signal to the specific conditions

under which the experimentation is to be conducted. Wben all of the

operating parameters have been input, the IFA 100 is set to the run mode

and the anemometer is ready to output bridge voltage data.

Tunnel Velocity

As stated earlier, the hot film anemometer calibration process

consists of correlating the TFA 100 System bridge voltage output to flow A

velocity. At the outset of the experimentation, it was decided to

perform the anemometer calibration in the wind tunnel test section. This

was done in order to calibrate the boundary layer probes in an
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environment, in terms of temperature, barometric pressure, and geometry,

duplicating the actual experimental conditions. It was felt this

procedure would reduce the error of the experimental data as compared to

an external calibration process where differences in the actual test

conditions could adversely affect the results of the investigation.

Therefore, it was necessary to establish the procedure for calculating

the flow velocity in the wind tunnel test section before calibrating the

anemometry system. As stated in the Experimental Apparatus section, a

manometer, digital thermometer, and barometer were used to provide

readings which were substituted into the following equation for wind

tunnel velocity:

U = 18.27 [MT/(1.325P)]1 / 2  (15)

where

U = flow velocity (ft/sec)
M = manometer reading (in. of water)
T = absolute temperature (deg Fahrenheit + 460)
P = barometric pressure (in. of mercury)

The constants appearing in the equation, 18.27 and 1.325, represent

conversion factors for the perfect gas constant and the specific gravity

of mercury, respectively. Equation 15 was provided by Dwyer Instruments,

the manufacturer of the water manometer used throughout the

experimentation (24:2).

Calibration Procedure

The hot film anemometers used during the experimental research were

calibrated using the methods for measuring bridge voltage and flow

velocity just discussed. For a hot film anemometer circuit, bridge

voltage is related to flow velocity by the following equation (25:5):
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= A + B(U11 2 ) + CU (16)

where

E = bridge voltage (volts)
U = flow velocity (ft/sec)

A,B,C = anemometer constants

The anemometer constants depend upon the flow fluid (water or air) and

the sensor being used (23:4-1). These constants are a function of the

flow viscosity, thermal conductivity, and Prandtl number (23:4-1). The

correlation between bridge voltage and flow velocity can be established

for a particular boundary layer probe by determining the value of the

anemometer constants in Equation 16.

The first step in calibrating the desired boundary layer probes was

to position a sensor in the middle of the wind tunnel test section. The

IFA 100 and wind tunnel were then turned on. Calibration data collection

consisted of recording the anemometer bride voltage corresponding to a

specific velocity as the tunnel speed was adjusted from its minimum to

its maximum value. From this data, a graph of U1/2 versus E2 was

constructed. The anemometer constants were determined by applying a

least squares fit to the graphed curve.

The anemometer constants are sensitive to changes in flow

temperature. Due to building air conditioning problems throughout the

course of the experimentation, the room temperature in which the wind

tunnel was located was subject to change. Instead of calculating a

correction factor for temperature, calibration data was collected for

the various temperatures the room stabilized at during the investigation

period. The three flow temperatures most frequently encountered were

68F, 75F, and 81F. Calibration curves for these three temperatures, for __
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one of the boundary layer probes used throughout the experimentation, are

shown in Figures 18, 19, and 20. Table 4 shows the values of the

anemometer constants obtained from the three calibration curves.

Table 4. Anemometer Constants

Temperature (F) A B C

68F 0.453 0.573 -0.012

75F 0.490 0.551 -0.011

81F 0.339 0.593 -0.014

In its present form, Equation 16 does not have much use in the

experimental procedure of this research effort. A more applicable form

of the equation results from making flow velocity the dependent variable:

U = -[(Il/C) (E2 - A + 0.25B2/C)]1/2 - B/(2C)) 2 (17)

This equation allows the velocity to be calculated anywhere within the

flow regime from the bridge voltage readings output by the anemometer.

Basically, the thesis experimental procedure consisted of using a hot

film anemometer to probe the flow around a body and converting the

sensor's bridge voltage readings to flow velocity values by applying

Equation 17. This velocity data was then analyzed to determine the

characteristics and behavior of the flow over the surface being

investigated.
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Appendix B: Methodology Validation Procedure

The second set of thesis experiments were performed in order to

validate the experimental apparatus and accompanying methodology in

analyzing various flow characteristics. This involved evaluating the

ability of the hot film anemometer equipment to experimentally determine

the flow type (laminar or turbulent) and its corresponding CD on a

surface. The surface used for the methodology validation process was the

flat plate model described in the Experimental Apparatus section. The

accuracy of the experimentally generated data was determined by comparing

it with results obtained from well established theoretical and numerical

methods.

Laminar Flow

Laminar flow was the first type of flow studied. The Blasius

solution for a laminar boundary layer on a flat plate was used as the

exact answer. The Blasius solution can be graphically portrayed by

plotting u/U versus 1], where u is the local flow velocity, U is the

freestream velocity, and 77 is defined as follows (26:262):

7 = y [U/(2vx)] 1/2  (18)

where

L = kinematic viscosity (ft 2/sec)
I = Blasius solution flow constant
y = local vertical height (ft)
U = freestream velocity (ft/sec)
x = horizontal location along the surface (flat plate) (ft)

The hot film anemometer was used to obtain the necessary data to generate

a graph of u/U versus q7 which was then compared to the Blasius solition.
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The experiment was conducted by placing the flat plate model in the

wind tunnel and setting the freestream flow velocity to approximately 25

ft/sec. A slower tunnel speed was selected because it generated a larger

boundary layer over the surface which was easier to measure with the hot

film anemometer. For a given x-location on the flat plate, data

collection consisted of obtaining the velocity corresponding to a

particular y-location above the surface. Using this data and Equation

18, a plot of u/U versus Y7 was generated.

The first attempt to obtain laminar flow was unsuccessful. It was

determined that blockage produced by the asymmetrical model stand was

interrupting the flow over the surface. In an attempt to alleviate this

problem, the support stand was moved farther back from the plate leading

edge. This modification did not correct the flow blockage problem.

Research from a previous study in this area indicated the flow blockage

interference could be eliminated by attaching an inclined flap to the

back end of the flat plate (27:26). The flap supposedly would adjust the

oncoming streamlines to the flat plate by balancing the blockage

generated by the lower support stand. Haven (27:26) defined the effect

of the flap as follows:

Deflecting the flap upward was equivalent to putting the plate at a
negative angle of attack. This enhanced the boundary layer
stability by creating a slightly favorable pressure gradient near
the leading edge and by eliminating the formation of a stagnation
bubble on the upper surface of the model.

After attaching the flap described in the Experimental Apparatus section,

laminar flow was obtained over the flat plate. Figure 21 shows a

comparison of the experimentally obtained data with the Bla .ius

solution. The experimental data was collected at a flat plate x-location

of 3 in. with a freestream velocity of 21.168 ft/sec.
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Turbulent Flow

With the ability to experimentally determine laminar flow

established, turbulent flow was studied next. The turbulent flow study

employed the same experimental procedure as was used for the laminar flow

evaluation. However, in order to generate a turbulent boundary on the

flat plate, a device was needed to trip the existing laminar flow. The

first attempt at tripping the flow involved placing a wire along the

leading edge of the flat plate. After several runs using wires of

different diameters, this method proved unsuccessful. Instead, a strip

of Number 70 Grit sand placed along the plate leading edge was tried.

This method provided the necessary conditions to trip the flow and

produce a turbulent boundary layer on the flat plate surface. Figure 22

shows the difference in the experimentally obtained turbulent boundary

layer to the Blasius laminar boundary layer solution. Also shown in

Figure 22 is the 1/7 Power Law ( u/U = (y/) /7) solution for a

turbulent boundary layer on a flat plate. There is good agreement

between the experimental and 1/7 Power Law solutions providing further

confirmation of the existence of a turbulent boundary layer on the flat

plate surface. The turbulent flow data was collected at a flat plate x-

location of 11 in. with a freestream velocity of 50.375 ft/sec.

Drag Coefficient

The last step in the methodology evaluation phase of the thesis was

to validate a method to experimentally determine CD on a surface

resulting from a laminar or turbulent boundary layer. Using the momentum

approach presented by White (26:243-244), the drag over a surface can be

calculated as follows:
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D/w = PU 2 
0 [(u/U) - (u/U)2 Idy (19)

where

D = drag on the surface (lbf)
w = surface width (ft) 3
P = fluid density (slug/ft )
U = freestream velocity (ft/sec)
u = local flow velocity (ft/sec)

Defining CD in terms of the drag for flow over a flat plate results in

the following equation (26:245):

CD = 2D/(wpU 2 x) (20)

where

CD = drag coefficient on a plate of length x
x = horizontal location along the surface (flat plate) (ft)

Equations 19 and 20 can be combined to generate the following

relationship for CD: 
U

CD = (2/x) j0 [(u/U) - (u/U)2ldy (21)

Equation 21 was then used to experimentally determine the CD for any type

of boundary layer on a surface. Data collection consisted of using the

hot film anemometer to determine values of the local flow velocity

corresponding to vertical locations throughout the entire 1-undary layer

height (y), for a given x-location on the flat plate model. Plots of u/U

versus y and (u/U)2 versus y were generated from this data. Finding the

area under these plotted curves provided the values of the two integral

terms in Equation 21. With the area values known, the CD corresponding

to any boundary layer type was easily calculated for a particular

horizontal distance (x) on the flat plate (effective flat plate length).
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The accuracy of the experimentally determined CD values was checked

by comparing them to theoretically obtained numbers for flow over a flat

plate. For laminar flow, the theoretical value for CD was determined

using the following equation (26:266):

CD = 1.328/(Re x) 1/2 (22)

where

D = drag coefficient

Re Reynolds number, Re : xU eA

The following relationship was used to obtain the theoretical CD value

for a turbulent boundary layer (26:500):

CD = 0.0303(Re x  1/7 (23)

Table 5 shows a comparison of the experimentally and theoretically

determined CD values for both laminar and turbulent boundary layers on a

flat plate. The data for laminar flow was collected at a flat plate

Table 5. CD Values

Flow Type Experimental CD  Theoretical CD  Error %)

Laminar 0.007181 0.007189 0.111

Turbulent 0.005061 0.005068 0.138

x-location of 3 in. with a freestream velocity of 21.168 ft/sec and the

turbulent flow data was taken at an x-location of 11 in. with a

freestream velocity of 50.375 ft/sec.
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As a result of this methodology evaluation process, experimental

procedures for determining laminar and turbulent boundary layers, as well

as their corresponding CD' on a surface were derived. Future data

obtained in the thesis employing these methods could now be accepted with

a high degree of confidence as to their accuracy.
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Appendix C: Equation Derivations

This appendix contains the detailed derivation of Equation 6 used to

determine flow separation within the diffuser section as discussed

previously in the Theory section. Equation 6 is an alternative form to

Stratford's relationship. Repeated from Equation 5 located in the Theory

section, Stratford's relationship is written as follows (3:204):

Cp [x(dC p/dx)] 1/ 2 (10-6R x)-1/10 = F(x) (5)

where

Cp = pressure coefficient, Cp = 1 - (U e/U0)2

x = flow location measured from the minimum pressure point (ft)

dCp /dx = pressure distribution

Rx  Reynolds number, R = xU eL1

U = boundary layer edge velocity (ft/sec)e 2
= kinematic viscosity (ft /sec)

U 0 velocity at beginning of adverse pressure eradient (ft/sec)

F(x) = Stratford's criteria separation parameter

Equation 5 was simplified using the continuity equation for steady, one-

dimensional incompressible fluid flow and the geometry of the diffuser.

The continuity equation is written as follows:

A U = A U = Constant (24)
00 ee

where

A = diffuser throat area per unit width at beginning of adverse
pressure gradient (ft)

U = velocity at beginning of adverse pressure gradient (ft/sec)

A = diffuser area per unit width at boundary layer location (ft)eUe  boundary layer edge velocity (ft/se)
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Using Equation 24, the following relationships were obtained:

Ae z (A U )/Ue (25)

Ue = (A U 0)A (26)

A side view of the diffuser model as it appeared in the wind tunnel test

section is shown in Figure 23.

Wind Tunnel Ceiling

A 0  Ae
U 0Ue

oo e

H

Diffuser Model

Fig. 23. Side View of the Diffuser Model in the Tunnel Test Section

Investigating the diffuser geometry portrayed above resulted in the

following relationships:

A = H + xtanG (27)e

A 0 H (28)

dA e/dx =tanO (29)

where

H = one half of the diffuser throat width (ft)
* = one half of the diffuser divergence angle (deg)
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dA e/dx area distribution per unit width

The above equations where then used to derive the desired form of

Stratford's relationship. Recall from Equation 5 the definition of the

2parameter C : C= 1 - (U /Uo . Taking the derivative of C yielded

the following equation:

dCp/dx = -(1/U 0
2 ) (dUe2/dx) (30)

Solving for the dU e2/dx term in Equation 30 required the use of Equations

24 and 25 and the following steps:

U A = Constant (24)e e

(Ue A e)2 (Constant)2 = Constant

d(UeAe) 2 /dx = d(Constant)/dx

Ue2(dAe2/dx) + Ae2 WUe2/dx) = 0

2Ue2A e (dAe/dX) + A e2Ue 2/dx) = 0

Ue2(WAe/dX) + (Ae/2) WUe2/&x) = 0

dU e 2 /dx = -(2U e2 /A )dA /&x)

eeeeeeee

dU 2/dx = -2U 3/(A U ) (cdA /dix) (31)
e e 0 0 e

Substituting Equation 31 into Equation 30 yielded the following
_J

relationship:

dC /dx = 2U 3 /(A U 3 ) dA /x) (32)

Substituting Equations 26, 27, 28, and 29 into Equation 32 resulted in
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the following relationship for dC p/dX:

dC p/dx 2Ao3U 3/(A U 3A 3) (dA e/dx)

233

dC/dx : ( AAe ) (dAe/dX)

dC p/dx = (2tanOH )/(H + xtanO) 3  (33)

Substituting Equations 26, 27, and 28 into the definition of C produced

the following formula:

C p 1 - (U e/Uo

C 1 - (1,oU2  (A 2Uo2/Ae 2 )

C 1 - H2/(H + xtanO) 2  (34)
p

Finally, substituting Equations 33 and 34 into Equation 5 yielded the

form of Stratford's relationship used in this thesis to determine flow

separation in the diffuser section:

F(x) [1 H 2/(H + xtan) 1][2xH tanO/(H + xtanO) 3 11/2(R 10-6 
-1/10  (6)x

84



Appendix D: Experimental Data

The raw experimental data is included here for completeness. It is

hoped that this set of data may aid follow-on investigations.

Table 6. Experimental Data

Uth H Xsep Xsep AXsep Axsep AXsep/L

(ft/sec) (in.) (in.) (in.) (in.) (%)

Plain Riblets

19.0 1.75 5.0000 16.4375 11.4375 228.8 0.5446

29.0 5.6250 19.7083 14.0833 250.4 0.6706

39.0 6.1250 20.7500 14.6250 238.8 0.6964

51.0 6.4375 21.0000 14.5625 226.2 0.6935

19.0 2.25 6.6250 15.4375 8.8125 133.0 0.4196

29.0 7.0625 18.3958 11.3333 160.5 0.5397

39.0 8.0000 19.9792 11.9792 149.7 0.5704

51.0 9.0625 21.0000 11.9375 131.7 0.5685

19.0 2.75 8.5000 13.0417 4.5417 53.4 0.2163

29.0 9.4375 19.3125 9.8750 104.6 0.4702

39.0 10.5000 19.9167 9.4167 89.7 0.4484

51.0 11.4375 20.6875 9.2500 80.9 0.4405

19.0 3.25 10.2500 16.1042 5.8542 57.1 0.2788

29.0 11.6250 19.6042 7.9792 68.6 0.3800

39.0 12.6250 20.1250 7.5000 59.4 0.3571

51.0 15.4375 21.0000 5.5625 36.0 0.2649

19.0 4.25 14.4375 15.2500 0.8125 5.6 0.0387

29.0 16.8125 17.7708 0.9583 5.7 0.0456

39.0 19.7500 20.6458 0.8958 4.5 0.0427

51.0 21.0000 21.0000 0.0000 0.0 0.0000
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Table 6. Experimental Data (continued)

Uth H Xsep/L Xsep/L Usep Usep sep
(ft/sec) (in.) (ft/sec) (ft/see)

Plain Riblets Plain Riblets Plain

19.0 1.75 0.238 0.783 12.699 7.221 9.531

29.0 0.268 0.938 18.612 9.812 13.968

39.0 0.292 0.988 24.257 12.749 18.205

51.0 0.307 1.000 31.121 16.538 23.356

19.0 2.25 0.315 0.735 12.572 8.670 9.435

29.0 0.336 0.876 18.769 11.985 14.086

39.0 0.381 0.951 24.113 15.343 18.097

51.0 0.432 1.000 30.010 19.460 22.523

19.0 2.75 0.405 0.621 12.364 10.419 9.279

29.0 0.449 0.920 18.171 13.066 13.637

39.0 0.500 0.948 23.451 17.275 17.600

51.0 0.545 0.985 29.613 22.113 22.225

19.0 3.25 0.488 0.767 12.277 10.213 9.214

29.0 0.554 0.934 17.889 14.164 13.426

39.0 0.601 0.958 23.290 18.793 17.479

51.0 0.735 1.000 27.948 24.034 20.975

19.0 4.25 0.688 0.726 11.950 11.706 8.969

29.0 0.801 0.846 17.191 16.801 12.902

39.0 0.940 0.983 21.583 21.155 16.198

51.0 1.000 1.000 27.448 27.448 20.600
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Table 6. Experimental Data (continued)

Uth H DH Reth DH Resep

(th) (sep) (sep)

(ft/sec) (in.) (in.) (10 4 (in.) (10 4 (in.) (104

Plain Plain Riblets Riblets

19.0 1.75 2.792 2.631 3.796 2.391 5.523 1.978

29.0 4.016 3.909 3.609 5.913 2.878

39.0 5.401 3.997 4.810 6.029 3.813

51.0 7.063 4.052 6.255 6.056 4.968

19.0 2.25 3.393 3.198 4.556 2.841 5.751 2.473

29.0 4.881 4.623 4.304 6.086 3.618

39.0 6.565 4.765 5.700 6.254 4.760

51.0 8.585 4.921 7.325 6.359 6.138

19.0 2.75 3.933 3.706 5.242 3.215 5.808 3.002

29.0 5.657 5.365 4.836 6.477 4.198

39.0 7.608 5.501 6.399 6.536 5.601

51.0 9.949 5.617 8.251 6.609 7.250

19.0 3.25 4.419 4.164 5.818 3.543 6.445 3.265

29.0 6.356 5.975 5.302 6.775 4.760

39.0 8.548 6.085 7.030 6.821 6.359

51.0 11.180 6.379 8.843 6.898 8.224

19.0 4.25 5.260 4.957 6.828 4.047 6.899 4.006

29.0 7.567 7.032 5.997 7.111 5.926

39.0 10.180 7.269 7.782 7.338 7.700

51.0 13.310 7.365 10.030 7.365 10.030
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